Concomitant findings of acetone (ACE) and isopropanol (IPA) in blood and other biological samples have been reported in diabetic decedents and clinic cases, but exhaled IPA has rarely been studied in breath research. This study aimed to investigate expression of exhaled IPA in diabetes and further explore the correlations between exhaled IPA and ACE, and to evaluate diabetes diagnostic applicability of exhaled IPA in combination with ACE. Exhaled breath samples at one time point from 85 type 2 diabetic patients and 56 healthy controls, and from four healthy individuals after ketogenic diet experiments were analyzed by gas chromatography mass spectrometry coupled with solid phase micro-extraction technique. Concentrations of exhaled IPA in the diabetic group (mean 85.44 ppbv) were significantly higher than those in the healthy group (mean 17.99 ppbv, p < 0.001). Ketogenic diet experiments showed that both IPA and ACE levels were elevated after keto-meals when under fat-consuming metabolic states. And they shared a similar changing pace, even though there was no linear relationship between IPA and ACE in terms of concentrations. The Spearman Correlation Coefficient between exhaled IPA and ACE in diabetes was 0.66, which indicated that IPA and ACE were metabolically correlated. ROC curve analysis showed that IPA possessed promising discriminatory ability (AUC 0.86) with a sensitivity of 75.3% and a specificity of 85.7% for diabetes diagnosis. This research indicates that endogenously produced IPA is a valuable biomarker for noninvasive diabetes diagnosis in breathomics analysis. This work also addressed the speculation that IPA can be metabolized from ACE via the reversible action of alcohol dehydrogenase.
Introduction
Breath analysis has gained attention in recent decades in biochemical and molecular biology elds. 1, 2 In the clinic, breath analysis has considerable potential for nonintrusive diagnosis of disease.
3 Breathomics refers to the metabolomic study of exhaled breath and focuses on health-related breath biomarkers. 4 The correlation between exhaled breath and diabetes comes from the "fruity" smell described in ancient medicine, although breath biomarkers for diabetes vary in different research reports. Exhaled acetone (CAS: 67-64-1, ACE), a known biomarker with great potential for diabetes diagnosis, has been correlated with diabetes since the beginning of breath analysis. The concentrations and metabolic mechanisms of ACE in patients with diabetes have been investigated in a number of studies. [5] [6] [7] ACE has also been used to predict diabetic blood glucose 8, 9 and to monitor diabetic ketoacidosis.
10,11
Isopropanol (CAS: 67-63-0, IPA) and ACE have been reported in biological uids including blood, urine, and vitreous humor from patients with diabetes mellitus and diabetic ketoacidosis. [12] [13] [14] [15] And IPA was postulated to be a reduction product of ACE through reverse reaction of alcohol dehydrogenase (ADH). 16 The broad utility and high volatility of IPA mean that IPA present in deceased biological uids was oen considered to be IPA poisoning via oral ingestion, transdermal absorption, and/ or inhalation. [17] [18] [19] [20] However, there have been some reports of IPA detection without any suspicion of IPA contamination. Serum IPA was found in an alcohol ketoacidosis patient who was rid of IPA exposure. 21 Molina et al. found detectable IPA concentrations in decedents with diabetes mellitus, infection, and/or chronic ethanol abuse.
14 This led to speculation that the endogenous IPA resulted from ACE metabolism. Usually, IPA is metabolized to ACE by ADH in the liver aer ingestion, 22 which was considered to be the reason for coexistence of ACE and IPA in body uids of decedents. For cases with histories of no exposure to IPA, researchers conjectured that the presence of IPA in biological uids may not represent acute ingestion, but rather reverse metabolism from ACE. One of rst study groups to test this speculation was Lewis et al., who reported measurable levels of IPA in the serum of rats on increasing doses of ACE. 23 Robertson et al. speculated that IPA may be reduced in vivo by ACE on nding considerable amounts of IPA in the blood of acetonemic cows. 24 13 Usually, endogenously producing IPA concentrations tended to be low and the ratios of IPA/ACE were less than 1.0. 13, 15, 28 On the contrary, IPA levels and IPA/ACE ratios were relatively high aer ingestion of IPA.
14,15,28 Petersen et al. detected IPA and ACE in 260 decedents involving DKA (diabetic ketoacidosis), AKA, and IPA intoxication conditions. The results indicated that DKA presented high ACE but low IPA levels with IPA/ACE ratio < 1.0, and AKA showed low ACE and low IPA levels with IPA/ACE ratio < 1.0. For IPA intoxication, it had high ACE and high IPA with IPA/ACE ratio > 1.0. 28 Jenkins et al. investigated IPA and ACE concentrations in heart blood, femora blood, urine, and vitreous humor for 162 cases without IPA exposure. The results indicated that IPA levels from endogenous formation were low, and IPA/ACE ratios were typically less than 1.0.
15
Exhaled IPA has been found in exhaled breath of healthy individuals. 29, 30 And in a study by Yan et al., 31 exhaled IPA was selected as a biomarker for diabetes diagnosis in a multivariate model. A systematic study for exhaled IPA is lacking, but exploration of exhaled IPA and its metabolic relation with ACE is worthwhile in diabetic breathomics for noninvasive diagnosis. In this study, exhaled IPA concentrations at one time point from type 2 diabetic patients and healthy subjects were measured by gas chromatography mass spectrometry (GC/MS) coupled with solid phase micro-extraction (SPME) technique. Correlation between IPA and ACE was investigated in diabetes and healthy groups. Ketogenic diet experiments on healthy individuals were developed to explore the in vivo metabolic relations between ACE and IPA under a fat consuming process. The study aimed to clarify correlations between biomarkers in diabetic breathomics, thus promoting breath-analysis-based disease diagnosis.
Subjects and methods

Diabetes subjects and controls
The study population were all Asian and all were volunteers. The study protocol was approved by the medical ethics committee of the PLA 208 Hospital (Jilin, China), in accordance with the 2013 Declaration of Helsinki. 32 Each participant was sent information on the experimental process, to give informed consent. A total of 85 type 2 diabetes (T2D) patients (41 males and 44 females, aged 20-85 years) and 56 healthy controls (24 males and 32 females, aged 21-71 years) were recruited. The diabetic subjects were newly diagnosed as type 2 diabetes according to the criteria of WHO (World Health Organization), 33 and no surgical or medical treatment had been undertaken before the breath sampling. Healthy subjects were recruited from Sichuan University randomly. Based on a questionnaire for controls and admission protocols for patients, the exclusion criteria were subjects with respiratory and lung diseases; smokers and chronic alcoholics; and healthy controls suffering acute inammation or those on a diet.
Ketogenic diet experiment
A ketogenic diet experiment on healthy subjects was implemented to investigate the metabolic correlation between ACE and IPA. A ketogenic diet was dened as low-carbohydrate, adequate-protein, and high-fat intake. Ketogenic meals with a ketogenic ratio of 3.8 : 1 (fat : protein + carbohydrate) 34 were designed using a Keto Calculator formula, 35 which took factors of body weight (kg), basal metabolic rate, activity level, and fat/ carbohydrate ratio into consideration for each individual. The calculated result included total calorie intake (kcal) and separate intake (g) for net carbohydrates, protein, and fat. Whipping cream (35.1% fat containing, Horeca, Germany) and protein powder (ByHealth, China) were supplied for each subject based on the keto calculation result. Four healthy individuals (aged 24-30, three males and one female) in the laboratory joined in with the ketogenic experiment. Subjects were required to fast for at least 10 h overnight to process the deposited carbohydrates before arriving at the laboratory at 8:00 am. Concentrations of IPA and ACE had been measured the previous aernoon, and then were measured in the early morning for comparison. Then, a ketogenic meal containing whipping cream and protein powder was provided without any other intake except water. Exhaled samples were collected hourly for 4 h from 8:00 am to 12:00 am.
Breath sample collection
Breath samples were collected in 3 L multi-layer aluminum foil bags (Dalian Delin Gas Packing Co. Ltd, China), which ensured a comparatively long storage time for exhaled components. The bags were baked at 40 C for 6 h and then ushed with high purity nitrogen three times before use. The gas inlet port of the bag was a three-way valve, which excluded the rst 2-3 s dead space gases and ensured collection of the alveolar gas. The sampling process was done in a clean room with good ventilation. For diabetic patients, the breath samples were collected on admission to hospital, and meanwhile, biochemical tests for blood ketone and urine ketone were implemented at the hospital. Subjects with possible ambient IPA or ACE (and any other VOCs) exposure, long-term smokers, and those abusing alcohol were excluded from the study, thus avoiding any exogenous contamination and guaranteeing the endogenous generation of IPA. All subjects were required to fast overnight prior to breath sampling. Physical exercise was restrained to avoid any metabolism variation. Participants had 10 min rest in the sampling room for gas exchange to occur before sampling. Subjects were required to exhale a single breath gently until mild resistance was felt, and some practice was taken before sampling. Background air was collected and analyzed in parallel for diabetes patients and controls. Background correction was implemented by subtracting ambient IPA and ACE from the exhaled samples. Breath samples were collected and then sent to the laboratory. Samples were analyzed immediately on their arrival day.
SPME and GC/MS procedure
Breath samples in this work were analyzed using a 7890A GC coupled to a 220 ion trap MS (Agilent, USA). A DB-624 fused-silica capillary column (60 m Â 0.25 mm diam. Â 1.40 mm lms, Agilent, USA) was used to separate the exhaled volatile organic compounds (VOCs). Breath samples were preconcentrated using an 85 mm Car/PDMS ber (Sigma-Aldrich, USA) for 35 min at room temperature (20 C). Then the ber was inserted into the GC front inlet for thermal desorption at 250 C for 5 min. The GC temperature programming was set as follows: initially at 40 C for 5 min, increasing to 160 C at a rate of 10 C min
À1
, and then increasing to 200 C at 5 C min À1 and maintained for 5 min. The split ratio was 10 : 1 at the GC front inlet. The carrier gas was helium with a ow rate of 1.0 mL min
. The MS detector was under full scan mode with m/z range from 40 to 300 and a scan rate of 0.5 scans per s. Temperature was set at 220 C, 120 C, and 250 C for trap, manifold, and xferline, respectively.
Method validation and statistical analyses
Raw data from GC/MS were analyzed using Workstation Toolbar, version 6.9.3 (Varian). Peak areas of IPA and ACE were obtained by integrating the selected ion chromatography of 45 m/z, and 43 and 58 m/z, respectively. A calibration curve of peak areas (Y) and IPA concentrations (x, ppbv) was
which covered a linear range from 9.8 ppbv to 1261 ppbv. The IPA gas standards with concentrations of 9.8, 21, 42, 210, 420, 841, and 1216 ppbv were prepared by injecting 4 mL of stocked relevant IPA solutions into the aluminum foil bags. Limit of detection (LOD) was 0.51 ppbv, which was estimated based on three times signal-to-noise ratio from a calibration sample at a low concentration. Limit of quantitative (LOQ) was 1.69 ppbv based on ten times signal-to-noise ratio. The accuracy for IPA measurement was estimated by the recovery (94-108%) through measurement for a standard concentration in quintuplicate. Method validation for ACE was done in a previous work. 7 The statistical analyses were performed by SPSS 20.0 (SPSS Inc., USA) and SIMCA 13.0 (Umetrics, Sweden). Nonparametric MannWhitney U test was to detect signicant differences in the distributions between two groups. Spearman Rank Correlation analysis, a nonparametric statistic method, was used to evaluate the correlations for non-normal distribution data. The receiver operating characteristic (ROC) curve and area under the curve (AUC) were used to evaluate the diagnostic values of biomarkers.
Results and discussion
Exhaled IPA concentrations in diabetes patients and controls
Exhaled IPA concentrations for diabetes patients and controls are shown in Fig. 1 Fig. 1 (a) indicate that IPA concentrations had greater within-group variation in diabetes patients, compared with healthy controls. This is because the healthy individuals shared similar and stable metabolism status, while the diabetic patients underwent differing and aggravated IPA production. Fig. 1(b) shows some overlap of IPA concentrations between the T2D group and the healthy group. The distribution of IPA in the diabetic group is wider and shows a shi towards higher concentrations compared with the healthy group. The overlap is excusable as the type 2 diabetes was insulin-independent and some wellcontrolled patients shared a similar metabolic state to the healthy subjects in some circumstances. In diabetes lipolysis is used for energy supply, and during this process fatty acids are promptly mobilized in, and released from, the adipose tissue. Parallel to this phenomenon, fatty acid synthesis is repressed and ketone body generation increases through increased beta-oxidation in the liver. 36 The main ketone bodies are acetoacetate, beta-hydroxybutyrate, and acetone, and these are used as energy supply for the human body and especially for the brain. Acetoacetate is produced from acetyl-CoA during the lipolysis, then is metabolized to acetone and betahydroxybutyrate through decarboxylation and reduction, respectively. Acetoacetate and beta-hydroxybutyrate can be metabolized back to acetyl-CoA in extra-hepatic tissues, while the acetone is mainly eliminated via the urine and/or exhalation. High levels of ACE in the liver can result in increased production of IPA, especially in the presence of elevated NADH/ NAD + ratios. 28 Diabetes appears to cause intense lipolysis, which aggravates the beta-oxidation process and results in increased NADH/NAD + ratios. 36 Thus, IPA production is favored in diabetic conditions.
Correlations between IPA and ACE
The concentration relationship between exhaled IPA and ACE for the diabetes patients and control group are presented in Fig. 2(a) and (b) , respectively. Spearman Rank Correlation analysis was used to evaluate the relationship between exhaled IPA and ACE. Exhaled ACE concentrations for diabetes patients and controls are given in Table 1 . The quantitative analysis for exhaled ACE was done in a previous work. 7 As can be seen in Fig. 2(a) , exhaled IPA levels were found to be positively correlated with breath ACE concentrations in the diabetic group, and the Spearman Correlation Coefficient r was 0.66 (p < 0.001). There was also a moderately positive correlation (r ¼ 0.47, p ¼ 0.001) between exhaled IPA and ACE concentrations in the control group (Fig. 2(b) ). The scatter plots in Fig. 2 indicate that IPA levels had positive correlations with ACE concentrations to some extent. This is in accordance with reported speculations and research, which suggested conversion from ACE to IPA in diabetic conditions.
12,23
To explore the production extent of exhaled IPA in the diabetes and control groups, IPA/ACE ratios are discussed. The exhaled IPA/ACE ratios for the diabetic group (median 0.0319, range: 0.0045-0.5330) and the healthy group (median 0.0181, range: 0.0065-0.0686) are given in the box plot in Fig. 3(a) . The IPA/ACE ratios of far less than 1.0 in this work indicate that the IPA was endogenously produced rather than exogenously ingested as reported in the literature. 15, 28 The frequency histogram in Fig. 3(b) indicates that the exhaled IPA presented a higher production rate in diabetes compared with healthy controls. In diabetic bodies, ACE is accumulated in the betaoxidation pathway during lipolysis, 7 which promotes production of IPA. Additionally, NADH, which has the capability of reducing ACE to IPA in the presence of high levels of ACE, can be generated through the beta-oxidation process. The oxidized product of NADH, NAD + , in turn, can stimulate the fatty acid oxidation, thus further promoting production of ketone bodies and NADH. 12 Therefore, with this increased redox state and excess ACE content, diabetes can result in a higher IPA production rate.
A ketogenic experiment was implemented on four healthy individuals to investigate the metabolic relation between IPA and ACE. Lipolysis was favored under conditions of starvation, high fat intake, diabetes mellitus, and alcohol abuse through the beta-oxidation pathway. During this process, excess acetone and increased NADH/NAD + ratios were stored in the liver, and these are key materials for isopropanol production. The fatconsuming metabolism process in healthy bodies supplied with keto meals was used to mimic the lipolysis process in diabetic bodies. Three males and one female colleague in the laboratory were involved in the ketogenic diet experiment. Fig. 4 shows the metabolic changes in IPA and the simultaneous ACE concentrations aer the ketogenic meal. The graphs on the le in Fig. 4 show concentrations of IPA and ACE with double Yaxis, and the graphs on the right show the corresponding IPA/ ACE ratios. For comparison, four time-point measurements of exhaled IPA and ACE concentrations under normal conditions were made in the aernoon (14:00-17:00) before experiment, and early morning (8:00) breath samples were also collected as baseline. As can be seen in the le panel of Fig. 4 , under normal metabolic status (from 14:00 to 17:00), exhaled IPA and ACE concentrations remained stable in all subjects. Early morning exhaled ACE and IPA concentrations were elevated aer 10 h overnight fasting compared with those measured in the aer-noon. Aer the baseline sampling, ketogenic meals consisting of calculated whipping cream and protein powder were provided to subjects. Increased ACE concentrations aer ketogenic meals were clearly observed for all subjects, but the metabolic changes did not share a similar trend for different individuals. Meanwhile, exhaled IPA levels were also elevated aer ketogenic meals for all subjects with differing metabolic tendencies. Interestingly, aer the ketogenic meals, the exhaled IPA displayed a similar changing trend for subjects (a) and (c), who possessed high IPA concentrations of more than 100 ppbv, and analogous changes occurred in subjects (e) and (f) who produced comparatively low IPA concentrations. Spearman correlation analysis was also used here to evaluate the metabolic correlation between IPA and ACE. The correlation coefficients for subjects (a), (c), (e), and (g) were 0.85 (p ¼ 0.004), 0.78 (p ¼ 0.013), 0.78 (p ¼ 0.013), and 1.00 (p < 0.001), respectively. IPA production was elevated along with the aggravated ACE metabolism during the lipolysis process aer the ketogenic diet, even though the changes for exhaled IPA levels did not closely follow those for the simultaneous breath ACE levels. The complexity of metabolism means that reduction of ACE to IPA in vivo may be inuenced by the time-varying redox state and physical conditions of individuals. Therefore, in this study, there was no linear relationship between IPA and ACE in terms of concentrations. Nevertheless, IPA and ACE levels were elevated aer ketogenic meals in all subjects, indicating that a fat-burning (for energy supply) body enhanced not only production of ACE but also IPA levels. The corresponding IPA/ ACE ratios are shown in the right panel of Fig. 4 . In general, IPA/ACE ratios aer ketogenic meals were higher than those under normal conditions, demonstrating that the IPA generation rate was elevated under the fat-consuming metabolic process. This study, for the rst time, conducted a systematic investigation into exhaled IPA. The detectable IPA concentrations in exhaled breath from diabetes patients and controls without IPA contamination addresses the possibility of endogenous production of IPA. And, also for the rst time, such endogenously produced IPA was explored in human subjects using a keto-diet experiment aer the in vitro experiment 25 and animal testing 23 reported in the literature. The ketogenic experiment showed that IPA concentrations increased considerably aer metabolic stimulation, which further proved that IPA can be generated endogenously. The elevated exhaled IPA levels in diabetes subjects indicates that IPA is a promising biomarker for noninvasive diagnosis of diabetes. It had been suggested that IPA was generated from reduction of ACE through ADH and a high NADH/NAD + ratio.
The present keto-diet experiment indicated that production of IPA was closely related to ACE metabolism during the betaoxidation process. Hence exhaled IPA could be a valuable biomarker for diabetic lipolysis metabolism together with ACE in breathomics analysis.
Diagnostic capability of exhaled IPA for diabetes
The ROC curves in Fig. 5 show that breath ACE possessed fair discriminatory value (AUC 0.80, 95% CI: 0.73-0.87, p < 0.001) with a sensitivity of 62.4% and a specicity of 83.9%. ACE concentrations for T2D and healthy subjects were measured in a previous work, and a statistical summary is given in Table 1 . Exhaled IPA provided improved discriminatory ability (AUC 0.86, 95% CI: 0.80-0.92, P < 0.001) with a sensitivity of 75.3% and a specicity of 85.7%. However, a combination model of the two biomarkers afforded only ordinary discriminatory ability (AUC 0.86, 95% CI: 0.82-0.93, p < 0.001) with a sensitivity of 71.8% and a specicity of 87.5%. The optimal cutoff thresholds of ACE and IPA for diabetes diagnosis were 902.99 ppbv and 24.07 ppbv, respectively. In diabetic conditions, IPA is suggested to be a by-product of ACE, generated in the liver during beta-oxidation of fatty acid, thus increasing IPA levels may indicate a severe metabolic state of diabetes. Therefore, IPA affords better diagnostic value compared with ACE. To explore possible relations between IPA and diabetic ketone bodies, the box plots in Fig. 6 correlated with blood and urine ketones. In this study, IPA levels also increased with rising blood and urine ketones. In Fig. 6(a) , blood ketone levels are divided into two subgroups, a physiological state group (ith rimmol L À1 ) and a risky group (0.6-6.9 mmol L À1 ). IPA levels in the risky group (median 47.21 ppbv) are relatively higher than those in the physiological group (median 19.58 ppbv). In Fig. 6(b) , urine ketones are divided into four subgroups. IPA displays obviously high levels in the fourth group with high urine ketones (median 69.78 ppbv), and comparatively low levels in the rst group with trace urine ketones (median 11.65 ppbv), which indicates that production of IPA is correlated with diabetic metabolism states to some extent. However, it must be acknowledged that in this study there is not enough capability for IPA to differentiate diabetic conditions with mild and moderate urine ketones.
Conclusions
Measurable IPA levels have been found in blood and other biological samples from diabetes mellitus and DKA decedents, suggesting that IPA production is correlated with diabetes metabolism. Researchers speculated that production of IPA was involved with ACE metabolism in diabetes. This study examined exhaled IPA and ACE in live diabetes patients and controls. Results revealed that exhaled IPA was a promising biomarker for diabetes diagnosis in breathomics. Exhaled IPA and ACE showed a positive correlation in both the diabetes and control groups, and IPA/ACE ratios far less than 1.0 indicated that endogenously producing IPA was low either in diabetes or in controls, in accordance with reports from the literature. Through a preliminary metabolic experiment, production of both exhaled IPA and ACE were found to increase when the body consumed fat for energy. The ketogenic diet experiment indicated that the exhaled concentrations of IPA did not closely follow up the changes in ACE levels. The individual physical conditions and metabolism rates may inuence this rough experiment to some extent, and some more well-controlled experiments are needed to further clarify the metabolism pathway and impact factors in diabetes. Through this study, endogenous production of IPA in diabetes patients and controls was proven, and the metabolism correlation between IPA and ACE was explored. Eventually, the study indicated that IPA was not only present in some biological matrix but also in exhaled breath, and that endogenously produced IPA is a valid biomarker for diabetes. Further exploration of metabolism relations of exhaled biomarkers would be worthwhile in breathomics for breath-based disease diagnosis, and this study was just a preliminary attempt.
